In the paper, the problem concerning the numerical modeling of thermal processes in the domain of a biological tissue being in thermal contact with the environment is discussed. The changing ambient temperature causes that the non-steady heat transfer process is considered. The cross-section of the forearm (2D problem) is treated as a non-homogeneous domain in which the sub-domains of skin tissue, fat, muscle and bone are distinguished. From the mathematical point of view, the boundary-initial problem described by the system of energy equations (the Pennes equations), boundary conditions on the external surface of the system, boundary conditions on the surfaces limiting the successive sub-domains and the initial condition is analyzed. At the stage of numerical computations, the Control Volume Method using the Voronoi polygons is applied. In the final part of the paper, examples of computations are shown.
Introduction
The thermal processes proceeding in the domain of a biological tissue are, as a rule, described by the well known Pennes equations (e.g. Mochnacki and Majchrzak, 2003; Majchrzak, 2013) . The typical heat diffusion equation is supplemented by components determining the capacities of internal heat sources connected with the blood perfusion and metabolism. The mathematical form of perfusion heat source results from the assumption that the tissue is supplied by a large number of blood capillaries uniformly distributed in the area under consideration. In the case of tissue freezing modeling, the right hand side of the Pennes equation should be supplemented by the third internal heat source controlling the evolution of latent heat (e.g. Majchrzak et al., 2011) . The Pennes equation constitutes a basis of the so-called tissue models (Mochnacki and Majchrzak, 2003; Majchrzak, 2013; Majchrzak et al., 2011; Mochnacki and Piasecka-Belkhayat, 2013) . Atkin et al. (1994) talk over different bio-heat transfer tissue models and conclude that the Pennes equation is the best approach to the modeling of bio-heat transfer because of its simplicity.
In literature, one can also find the so-called vascular models (Majchrzak, 2013; Zhu and Weinbaum, 1995; Wang et al., 2007) . The vascular models are applied because of the need to include the thermally significant blood vessels of considerable size. In this paper, the presence of blood vessels (arteries and veins) in the domain considered is taken into account, but the blood temperature is optionally established on the basis of literature data (it is not calculated), and the model presented belongs rather to the tissue ones.
There have recently been attempts to use descriptions of thermal processes in the biological tissue on the basis of porous media theory. The domain considered is divided into two parts, that this the vascular and extravascular region (cells and interstitial tissue). The blood vessels are treated as voids, while the remaining area as the matrix (solid body). The equations concerning the vascular and extravascular regions contain the parameter ε (porosity) (Zhang, 2009; Nakayama and Kuwahara, 2008; Khaled and Vafai, 2003) . Assuming certain simplifications, the above mentioned equations can be substituted by a single equation close to the dual phase lag model (Khaled and Vafai, 2003) .
In this paper, the cross section of the forearm (middle part) shown in Fig. 1 (Schuenke et al., 2010 ) is considered. The domain is non-homogeneous and constitutes a composition of skin, fat, muscle, bone and blood vessels. The mathematical model of thermal processes proceeding in the area considered subjected to the time-dependent external heat source is presented in Section 2.
At the stage of numerical modeling, the Control Volume Method using the Voronoi tessellation is used (Domanski et al., 2010) . The Voronoi polygons are characterized by the geometric properties of a well meeting the requirements for the shape of control volumes. The details of the approach proposed are discussed in Section 3. In the final part of the paper, examples of computations are presented.
Governing equations
Heat transfer processes proceeding in the tissue domain are described by the system of the Pennes equations of the following form
where e = 1, . . . , 4 identifies the tissue sub-domains (skin, fat, muscle and bone respectively), c e is the volumetric specific heat, λ e is the thermal conductivity, Q per and Q met are the capacities of volumetric internal heat sources connected with the blood perfusion and metabolism, [W/m 3 ], T , x = {x 1 , x 2 }, t denotes temperature, spatial co-ordinates and time, respectively. The perfusion heat source is given by the formula
where G be is the blood perfusion [m 3 blood/(s m 3 tissue)], c b is the blood volumetric specific heat and T b artery and T b vein are the arterial and vein blood temperatures. The metabolic heat source Q met can be treated both as a constant value and a temperature-dependent function.
On the contact surface between the tissue sub-domains, the IV type of boundary conditions are assumed
where ∂/∂n denotes the normal derivative.
On the outer surface of the skin (e = 1), the III type of boundary condition is taken into account
where α out is the heat transfer coefficient, T amb is the ambient temperature. The same type of boundary conditions is given on the contact surfaces between the blood vessels and soft tissue sub-domains, in particular
The initial conditions are also given
where T steady is the temperature distribution corresponding to the steady state conditions in the domain considered for the given ambient temperature and the initial external heat transfer coefficient.
Numerical algorithm
For the purpose of heat transfer modeling in the domain considered, the tissue sub-domains are divided into small cells (control volumes) known as the Voronoi polygons (also called the Thiessen or Dirichlet cells in two dimensions) (Okabe et al., 2000) . The polygon that contains the point x i (central point) is denoted by ∆V i , see Fig. 2 . All of the Voronoi regions are convex polygons, and each polygon is defined by lines that bisect the sectors between the central point and its neighbouring points. The bisecting lines and the connection lines are perpendicular to each other (it is very convenient at the stage of CVM equations construction). When we use this rule for every point in the area, the area will be completely covered by adjacent polygons. Many algorithms to construct the Voronoi polygons can be found in literature, see e.g. the Delaunay triangulation (Watson, 1981) . In Fig. 3 , an example of the control volume mesh in the domain of the forearm cross-section is shown. The domain is divided into 2966 control volumes. The positions of CV central points close to the contact surface between the tissue sub-domains are analytically determined in order to achieve a better approximation of the tissue shape.
The control volume method (CVM) constitutes an effective tool for numerical computation of heat transfer processes. The domain analyzed is divided into N volumes. The CVM algorithm allows one to find the transient temperature field at the set of nodes corresponding to the 
Using Gauss-Ostrogradsky's theorem, one obtains
where A i is the surface (perimeter) limiting the CV i . The approximation of the left-hand side of equation (3.2) can be taken in form
where c f i is an integral mean of thermal capacity, and this value is approximated by the volumetric specific heat corresponding to the temperature T f i . In a similar way, one can approximate the last component in equation (3.2), namely
The term determining the heat conduction between ∆V i and its neighbourhoods can be written in form
where λ ij is the mean thermal conductivity between the nodes i and i(j), in particular
Such an assumption causes that in the denominators of conductional terms, the well known Additionally, the following blood temperatures are assumed: T b artery = 36 • C, T b vein = 35 • C, while α artery = α vein = 5000 W/(m 2 K). At the moment t = 0 the ambient temperature increases to 40 • C (the heat transfer coefficient is the same). Such a situation may correspond to the input from a room outside in a summer hot day. The numerical simulation concerns the process of tissue heating.
In Fig. 5 , the initial temperature distribution is shown. The next figures present temporary solutions for times 15 min. and 300 min. (this result practically corresponds to the steady state conditions). 
Final remarks
In the paper, a problem from the scope of bio-heat transfer modeling is discussed. The mathematical model belongs to the group of tissue models basing on the Pennes equation. The numerical solution is obtained using the developed by the authors version of the Control Volume Method using the Voronoi tessellation. According to our opinion, the Voronoi polygons characterized by geometric properties perfectly meet the conditions required by the 2D control volumes. The mesh generation and the computations of the control volumes geometrical parameters are a difficult task, but the authors have developed procedures to carry out such investigations. In the case discussed, the consideration of internal heat sources has been necessary.
The numerical simulation of forearm heating in conditions of natural convection is only an example of possible application of the method proposed in the scope of bio-heat transfer. The algorithm presented can be, among others, used for numerical modeling of thermal processes proceeding in the domain of a living tissue subjected to the strong external thermal interactions (e.g. modeling of frostbites or burns). The shape and location of tissue sub-domains can be accurately reproduced (if the assumption of 2D approximation is acceptable). The application of the method for numerical analysis of the vascular models seems also be possible.
